Background: Portable ultrasound machines are now common, used for point-of-care applications and needle guidance for percutaneous procedures; however, the effectiveness of portable ultrasound in evaluation of the musculoskeletal system has not been fully assessed.
Ultrasound has been shown to be an effective imaging method in evaluation of the musculoskeletal system, such as tendons, muscles, ligaments, and joints. Accurate diagnosis is important because musculoskeletal disorders account for approximately $850 billion per year in health care costs and lost wages in the United States. 13 Conventional cart-based ultrasound equipment in this application has been used, producing detailed high-resolution images; however, the cost of such equipment (often >$100,000 US) and lack of portability can be significant limitations. The use of portable ultrasound units could overcome these limitations, given that hand-held portable ultrasound units cost approximately $2000 to $7000, and smaller handheld devices could further improve accessibility. Without such barriers, hand-held ultrasound devices can potentially have a positive effect in medical education 5, 11, 13, 14 and patient care, bringing ultrasound to classrooms, clinics, sidelines of the playing field, the battle ground, 13 rural locations, and countries with limited resources. 4, 16 Portable ultrasound machines are now common, used for point-of-care applications and needle guidance for percutaneous procedures. 2 More recently, ultrasound equipment has been developed that includes hand-held devices, where a transducer is connected to a tablet or phone to view images. 4 Such equipment has been used in several applications, such as trauma, cardiorespiratory assessment, and invasive procedures 4 ; however, the effectiveness of portable ultrasound in evaluation of the musculoskeletal system has not been fully assessed. 7, 9, 10, 12 Thus, the purpose of this study was to evaluate the use of a portable hand-held ultrasound device in the evaluation of the musculoskeletal system compared with conventional cart-based ultrasound. The hypothesis was that portable hand-held ultrasound would be as effective as conventional cart-based ultrasound.
METHODS
Institutional review board approval was obtained to prospectively evaluate 100 consecutive patients (singlecenter, evidence level 2 study) who underwent musculoskeletal ultrasound at an outpatient radiology clinic as part of routine patient care. 15 Written informed consent was obtained from all patients.
Ultrasound imaging was performed by 1 fellowshiptrained musculoskeletal radiologist (J.A.J.; 23 years of experience in musculoskeletal ultrasound). Ultrasound imaging was first performed by use of a portable handheld ultrasound device (Philips Lumify 12-5 MHz transducer; Nvidia 5 Â 8.8-inch tablet) directed by the imaging requisition and patient history, and the resulting diagnosis was recorded. This was immediately followed with ultrasound imaging using a conventional cart-based ultrasound unit (Philips Epiq 7G 12-5 MHz transducer), and a resulting diagnosis was also recorded. The 12-5 MHz transducer was chosen rather than a higher frequency transducer to allow direct comparison with the portable hand-held ultrasound unit (only a 12-5 MHz linear transducer was available for the portable ultrasound unit). Additionally, when gray-scale abnormality was detected, color Doppler rather than power Doppler was used on the cart-based ultrasound unit, as power Doppler was not available on the portable hand-held ultrasound unit. Ultrasound examinations were focused to the area of concern, except for the shoulder, which received a comprehensive evaluation.
Diagnoses from the portable hand-held and conventional cart-based ultrasound units were later reviewed by the radiologist who performed the ultrasound imaging in consensus with a board-certified orthopaedic surgeon (M.T.F.). Agreement between the portable and conventional ultrasound diagnoses was determined by consensus along with expected changes in clinical management if disagreement was present (definitely no, probably no, uncertain, probably yes, definitely yes).
Descriptive statistics including mean, standard deviation, range, and percentage were used to evaluate the data of the consensus reading. Correlation was also made with magnetic resonance imaging (MRI) and surgical results if available, which were completed in some patients as part of routine clinical care. The decision to obtain MRI or pursue surgery was based on clinical judgment and may have been influenced by the conventional cart-based ultrasound imaging findings as part of routine patient care.
RESULTS

Demographics
The study group of 100 patients consisted of 42 male and 58 female patients with a mean ± SD age of 53 ± 13 years (range, 25-83 years). Anatomic areas scanned included shoulder (n ¼ 30 patients), elbow (n ¼ 11 patients), hand and wrist (n ¼ 15 patients), hip (n ¼ 10 patients), knee (n ¼ 11 patients), foot and ankle (n ¼ 12 patients), and others (n ¼ 11 patients; neck, chest wall, abdominal wall, groin), imaged over a time period of 20 months. The time interval from the completion of patient scanning to retrospective consensus review of results was 6 months.
Ultrasound Results
Scanning with the conventional cart-based ultrasound machine revealed abnormality in 92% (92/100) of patients (Table 1) . Comparison of portable hand-held and cart-based ultrasound findings showed that results were concordant in 65% (65/100) ( Figure 1 ) and discordant in 35% (35/100) of patients. In the 35 patients with discordant results (Table 2) , the discrepancy in diagnosis resulted in no change in clinical management in 46% (16/35) ( Figure 2 and Table 3 ), probably no change in 29% (10/35) ( Table 4) , uncertain change in 14% (5/35) ( Table 5 ), probable change in 11% (4/35) ( Figure 3 and Table 6 ), and definite change in 0% (0/35) of patients. The diagnoses changing management included the following (Table 6 ): nondetection of a satellite nodule of 2 mm associated with a superficial mass (1 patient), incorrect interpretation of a 5-mm ganglion cyst as a possible solid mass (1 patient) (Figure 3 ), overlooked direct inguinal and femoral hernias (1 patient), and misdiagnosis of partial gluteus medius tendon tear as tendinosis (1 patient). Overall, the results from portable hand-held ultrasound were concordant or discordant without clinical relevance in 96% (96/100) of patients compared with those from conventional cart-based ultrasound.
Regarding conventional color Doppler evaluation, 11 patients showed a discrepancy where increased flow or hyperemia was present with conventional cart-based ultrasound and not detected with the portable handheld ultrasound. These cases of discrepancy included the following anatomic areas: elbow (n ¼ 6), Achilles tendon (n ¼ 2), groin (n ¼ 1), shoulder (n ¼ 1), and shin (n ¼ 1). They included abnormalities in the tendons (n ¼ 7), masses or lymph nodes (n ¼ 3), and a bursa (n ¼ 1).
Tendon abnormality was diagnosed with conventional cart-based ultrasound in 49% of patients (49/100); discrepancies were found in 12 patients when portable ultrasound was used: tendinosis was misdiagnosed as normal tendon (n ¼ 3), underestimated (n ¼ 1), and overestimated (n ¼ 1); tendon tears were overlooked (n ¼ 2), underestimated (n ¼ 2), and overestimated (n ¼ 3). Overall, only 1 of these discrepancies would have caused a probable change in the clinical outcome, which involved the gluteus medius tendon.
With regard to calcifications, in 2 of the 6 affected patients, visibility was difficult when using the hand-held portable ultrasound unit compared with the conventional ultrasound unit in the rotator cuff (1 patient) and plantar aponeurosis (1 patient). In both patients, the lesser visibility did not change the patients' clinical management because the calcifications were not completely overlooked. In review of the medical records, 14% of patients (14/100) had additional MRI evaluation where correlation confirmed the cart-based conventional ultrasound diagnosis. Of these, 2 patients had surgery that confirmed the diagnosis of complex ganglion cyst and lipoma. In the 7 patients with joint degeneration on ultrasound, radiographs were present in 5 cases. In the 3 patients with inflammation or infection, additional clinical history, clinical evaluation, and laboratory values confirmed the diagnoses of rheumatoid arthritis, psoriasis, and abscess, respectively.
DISCUSSION
Although the use of portable hand-held ultrasound has been described in general ultrasound applications, its use in routine musculoskeletal applications has not been fully assessed. Our study showed that the results from portable hand-held ultrasound were concordant or were discordant without clinical relevance in 96% (96/100) of patients compared with conventional cart-based ultrasound.
Portable ultrasound was first developed for military purposes to identify and diagnose serious injuries in the battlefield. 13 In clinical situations, portable ultrasound may be of benefit when the transport of a patient to the ultrasound department is not possible or the heavy conventional ultrasound machine is less accessible to the patient. Such point-of-care ultrasound applications may also include the emergency department and the outpatient clinic, where an urgent diagnosis may be important. 1, 6 The lower cost of such portable devices (approximately $2000-$7000) compared with conventional machines (often >$100,000) creates another opportunity, especially for less economically 2,4 Portable ultrasound has also been described in the field of medical education. 5, 11, 13, 14 Common applications for portable ultrasound include evaluation for cardiac or abdominal abnormality. 5, 14 The use of portable ultrasound in the musculoskeletal system has been described for foreign body removal 7, 9 and rib fracture assessment. 12 One study evaluated 10 shoulders and concluded that abnormality could be identified 10 ; however, a comprehensive evaluation of routine musculoskeletal applications has not been previously assessed.
Our study showed the utility of portable hand-held ultrasound in the evaluation of common musculoskeletal applications that is typical of an outpatient clinic. In our study population, evaluation for tendon abnormality was the most common application (49%, or 49/100). Of these 49 patients, the results were concordant in 76% (37/49) when both portable and conventional ultrasound equipment were used. In the remaining 12 patients, the most common discrepancy was a change in severity of tendinosis, either increasing or decreasing; however, the diagnosis provided by the conventional ultrasound would have changed clinical management in only 1 patient (2%, or 1/49), in whom the gluteus medius was involved. Importantly, there were no changes in clinical outcome involving the shoulder, which was the most common joint included in our study (30%, or 30/100). A previous study evaluated 10 shoulder cases via portable ultrasound versus conventional ultrasound and could identify abnormality in 70% to 80% of the cases 10 ; however, the authors did not investigate whether the incorrect diagnosis would have changed the clinical outcome. Previous studies have also not evaluated the use of portable ultrasound for other musculoskeletal applications beyond the shoulder; our study included a relatively uniform distribution of cases outside of the shoulder, evaluating the elbow (11/100), wrist and hand (15/100), hip (10/100), knee (11/100), ankle and foot (12/100), and other miscellaneous applications, such as the neck, chest wall, abdominal wall, and groin (11/100).
In our study, there were 4 discrepant results that could have potentially changed the clinical management (see Table 3 ), which included 2 superficial (hand and finger) and 2 deep (groin and hip) pathologic findings. One case was an overlooked superficial satellite nodule measuring 2 mm adjacent to a solid mass of the palmar hand that could have potentially influenced the surgical management. The second case was a 5-mm ganglion cyst of the finger on conventional cart-based ultrasound where the portable ultrasound could not distinguish cyst versus solid, which may have resulted in an unnecessary biopsy or excision. The third case involved the hip and groin; trochanteric bursal distention was identified, but the direct inguinal and femoral hernias were overlooked with the portable ultrasound unit. In the fourth case, a partial tear of the gluteus medius tendon at the greater trochanter was misdiagnosed as tendinosis. The diagnosis of partial-thickness tear could have changed management from percutaneous tenotomy or fenestration to whole blood or platelet-rich plasma injection to minimize risk of complete tendon tearing. 3, 8 One limitation of the portable hand-held ultrasound unit was the low sensitivity of the color Doppler compared with cart-based ultrasound. Although we chose the low-flow setting, there were 11 patients in whom the portable ultrasound did not reveal internal blood flow in tendons (n ¼ 7), masses (n ¼ 3), and an olecranon bursa (n ¼ 1); however, the additional finding of hyperemia when using the conventional cart-based ultrasound machine did not significantly change clinical management. Another limitation of the portable ultrasound equipment was difficulty in identifying small calcifications in the rotator cuff (n ¼ 1) and plantar aponeurosis (n ¼ 1), which also did not change clinical management.
We acknowledge that our study has some limitations. We did not directly assess the image quality of the 2 different ultrasound techniques; however, the goal of our study was to evaluate the clinical effect of diagnosis discordance using a hand-held portable ultrasound unit. Second, imaging was performed by only 1 observer without assessment of interobserver or intraobserver variability. Also, this observer had significant experience in musculoskeletal ultrasound; a study with multiple observers with different experience would confirm generalization of our results. Another limitation is that the images were obtained with the hand-held portable examination performed first and interpreted in a nonrandomized fashion not blinded toward the type of ultrasound equipment used, which potentially introduced bias. No statistical analysis (including power analysis) was obtained. Also, the vast majority of patients did not have additional imaging or surgical findings to correlate with our results. An intrinsic limitation of the hand-held ultrasound machine is the lack of power Doppler and a linear transducer with the highest frequency of 12-5 MHz; similar settings and transducer frequency were used with the conventional cart-based ultrasound unit to allow direct comparison. Although we determined overall concordance, we were unable to determine concordances specific to each joint given the low sample size.
CONCLUSION
In evaluation of the musculoskeletal system, our study showed that the results from portable hand-held ultrasound were concordant or were discordant without clinical relevance in 96% (96/100) of patients compared with conventional cart-based ultrasound. The most common joint evaluated was the shoulder, which showed no clinically relevant discrepancies in diagnosis.
